PHYSICS OF PLASMAS VOLUME 9, NUMBER 5 MAY 2002

Results from a scaled final focus experiment for heavy ion fusion
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A one-tenth-scale version of a final focus subsystem for a heavy-ion-fusion driver has been built and
used for experimental tests of concept. By properly scaling the parameters that relate ion energy and
mass, current, emittance, and focusing fields, the transverse dynamics of a representative driver final
focus have been replicated in a small laboratory beam. Whereas the driver beam parameters
considered are 10 GeV Biat 1.25 kA, the scaled experiment used a/@5beam of 160 keV C&

ions brought to a ballistic focus through a series of six quadrupole magnets. The measured focal spot
size was consistent with calculations in the report of the design on which the experiment is based.
In a second experimental program, a 408 beam was propagated through the focal system and
partially neutralized after the last magnet using electrons released from a hot tungsten filament to
test the predictions of the benefits of neutralization. The increase in beam current resulted in a
corresponding increase in spot radius in the absence of electrons. A reduction of the spot radius and
modification of its shape were observed in the presence of neutralizing electron2002
American Institute of Physics[DOI: 10.1063/1.1464894

|. BACKGROUND AND MOTIVATION beam energy and focal spot siz@.) Finally, there are other
proposed forms of nonballistic focusing generally referred to
Due to the high repetition rate and predicted high effi-as channel transpatf This category includes methods that
ciency of particle accelerators, intense heavy ion beams aregmploy an electrical discharge or self-pinch in a gas to main-
promising driver for an inertial confinement fusion power tain the beam at small radius in a “channel” through the
plant>2 The final focus subsystem must deliver the accelerchamber to the target. While these classes of designs are
ated beams to the fusion target in a precise and symmetrigsted in order of increasing complexity with respect to the
fashion, overcoming the forces within the beam that tend tglasma physics, they are in decreasing order of difficulty in
resist focusing. Because the ions in a driver are only marginthe phase space and ion kinetic energy constraints placed on
ally relativistic (8=0.2—0.3), the magnetic pinch force is an the ion beam delivered by the accelerator. This contrast dem-
order of magnitude weaker than the electrostatic spacenstrates a tradeoff between issues of cost and uncertainties
charge force pushing radially outward on the beam. Addiin the beam dynamics that play an important role in the
tionally, there is thermal velocity spread, or emittance, in thedesign of a heavy ion fusion power plant final focus sub-
transverse plane that will put a lower bound on the spokystem and target chamber.
radius. Finally, aberrations resulting from imperfections in The Scaled Final Focus Experiment at Lawrence Berke-
the focusing field as well as deviations from the nominalley National LaboratoryLBNL) models the final focus sub-
beam momentum affect the spot size, shape, and location.system of the HIBALL-II(Ref. 7 power plant design, which
Final focus designs generally fall into three categoriesassumes un-neutralized ballistic focusing. The configuration
with varying uncertainty surrounding issues of physiG$: is relatively straightforward, consisting of six magnetic qua-
Un-neutralizedhigh vacuum ballistic focusing is the most drupoles, with the final magnet located immediately outside
straightforward method in the context of accelerator physicsthe fusion chamber. Such a system is well suited to an initial
relying on the transverse momentum imparted to the ions bgxperimental verification of the effectiveness of a final focus
the focusing fields to produce trajectories that will overcomemethod. By properly scaling the parameters that relate par-
the forces mentioned above and result in a satisfactory focaicle energy and mass, beam current, beam emittance, and
spot® (ii) Ballistic focusing with neutralization uses elec- focusing field, we replicate the dynamics of a full driver
trons from external sources to partially overcome the spackeam in a small laboratory beam. This is the first experimen-
charge forcé.In this manner, a lower ion kinetic energy and tal test, appropriately scaled from a specific heavy ion driver
higher beam current may be used, preserving both the totalesign, of the beam dynamics involved with focusing ions
onto the fusion target. As such, it includes many of the more
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drupoles that often raise questions when it is not practicalto e e N 1 v2\ x
consider them in theoretical studies. X= —m[Ex(Z) —vBy(2) Jextt mmegatb| T Za;
Studies of ion beam propagation through the fusion 0 3

chamber indicate that there exist a number of possible ] _
mechanisms for production of electrons that could interacyvhere the first term denotes the external focusing force from
with the beam. Electric field induced emission at the beanfither electrostatic or magnetic quadrupoles. With time inde-
entrance port, ionization of background gas, and photoionpe”de”t' the time derlvgtlve is converted to a dgnva‘uve with
ization of the beam and gas by the heated target can alfSPect toz (the " notation will be used to indicate the
contribute electrons that will make some degree of neutralderivative
ization unavoidabl&-° Additionally, an optimization of the el 1
final ion energy for a power plant will consider the effect of X"+ Ky(Z)x—
a reduction of the ion energy not only on the cost of the
accelerator, but also on the effect in the target radiator due tavhere the external quadrupolar electrostatic and magnetic
the resulting shortening of the ion range. The design energfocusing fields are represented by
may well be lower than the value at which the ballistic ion
trajectories alone can produce a satisfactory spot radius. K (2)= € . dEx(2) - e dB(2 '
In light of these considerations, the LBNL experiment ymo<  dx ymv  dx

also studied the addition of electrons to a beam whose spagggpectively. The solution for the resulting differential equa-
gharge forces were Igrge enough to prevent'the scalgd balligyn for x can be written in the forn?
tic focus from achieving a useful focal spot size. In this case,
introducing these electrons resulted in a transition from a Xx= \/s_xw(z)«cos\lf(z),
space-cha_rge-domln_ated to an _em!ttance-domlnated_ focuvsv'herellf’zwfz(z). The emittances,,, is a constant of the
The effective and uniform neutralization observed provided a_ . . )

otion that is related physically tg-p,, the area of the

low current test of some of the basic physics issues involve(rjn

) o ) rojection of the six-dimensional phase space volume along
with electron neutralization of a converging beam of heav . . .
ions the transverse coordinate. It is conserved due to the linear

forces arising from the uniform charge density of the phase
space distribution. Substitution of this solution into Ed)
Il. SCALING THE FOCUS results in an expression fav that can be evaluated at the

_ _ edge radius, i.e.,a= Ve, W(2),
Proper scaling of the beam current, external focusing

gradients, and emittance with the beam energy and dimen- 2Q sy
sions is critical to reproduce the particle trajectories of a full a'=ky(2)a+ a+b 2
scale driver in a small laboratory experiment. The scaling is

evident in the beam envelope equation, which gives the traere, Q=el/2meom(Byc)® is the (dimensionless per-
jectory of the edge of the beam as a function of the self/€ance.

generated and applied fields and the emittance. This equa- For the evaluation of experimental data, a rms expres-
tion, along with the a phase space distribution function deSiOn fore, is derived via the rms envelope radius, defined as
scribing a beam that obeys the equation, was first derived byX“) =a“/4. We take derivatives of this relation and then in-
Kapchinskij and Vladimirskii* subject to several important Sert the equation of motion for a particle in tRelirection
assumptions. The axial velocity of the particles, is as- [Eqg. (4)] into the second derivative. The result can be com-
sumed to be constant and large compared to the radial arRfred to the envelope equatifiq. (5)] to yield a quantity
azimuthal velocities, consistent with the paraxial approximahat may be readily extracted from the experimental data,
tion. The beam charge density is taken to be uniform, fillin _ _ YAV

an elliptical cross segction Witz semiaxasand b. Together ’ e xedge™ 4o xms=4V{(X'))0) — ()", ©
these assumptions describe a constant line charge degsity, Scaling the experiment is necessary due to the laboratory
and result in linear self-fields within the beam. The axialconstraints; both the physical size of the design’s final focus
beam dimension is assumed to be much longer than the rad#gction and the final energy of the ions are beyond the ca-
I>a,b, and the beam is composed entirely of particles withpacities of the experimental facility. This scaling is accom-

meom(By0)° alath) X~ O @

©)

a single massn and chargee (charge stater-1). plished so as to maintain the relative strengths of the terms in
With these assumptions, the beam’s transverse self-fieldsg. (5), and therefore preserve the particle trajectories
in free space are through the system. The 100 m magnetic final focus sec-
tion of the HIBALL-Il study has been reproduced in the
N1 (x y o .
=— ——|za+y], (1) laboratory at one-tenth scale, so that the quantities with the
meg athbla b dimension of length{spot radius and emittancare reduced
poh 1 y X by this scale factor of 10. The Cson beam is launched with
VT BS( ay) (2 a 160 kV pulse from a Marx generator, and the beam current

and magnetic focusing fields are then chosen so that the self-
for 0=x=a and O<y=Db, and the equation of motion in the force and external-focusing-force terms keep their relative
x direction for a single particle becomes strengths, respectively. Of course, dimensionless quantities
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such as the final convergence angle and the beam perveance @ @ :"”p z\’@ M @

are preserved from the design to the experiment. I E
1 meter

To match the perveance of the 10 GeV Bieam at 1.25
D3 D4 D5

kA in the study, the 160 keV experimental beam is apertured FC

to extract 95uA. The scaled values of the pole tip fields in
the six focusing magnets range from 200 to 600 G. A high
brightness C§ ion source, designed specifically for the ex-

Legend: , Electrostatic Quadrupole
=t=- Magnetic Quadrupole

periment, delivers an un-normalized emittance ofr4nm @Turbo Pum LN Liquid N2 Cold Trap
mrad following the aperture, in fairly good agreement, once P FC Faraday Cup
scaled, to the value of 38 mm mrad reported in Ref. 7. The i@ Cryo Pump D1-D5 Diagnostic Probe
details of these scaling calculations are found in Ref. 15.

The envelope equation can also be used to predict the FIG. 1. Layout of the scaled final focus experiment.

minimum radius of the beam for a given convergence angle
from the last focusing element. First, we write Ef) for a

.2 . ; i i i i A1x1075);
round beam of radiusin a region with no external focusing getic beam is low in perveanc@E 1.1x10 7); therefore,

the sole effect on the beam dynamics of shortening the

fields, middle drift in the magnetic section is a slight adjustment to
., Q £>2< the beam envelope at the exit of the third quadrupole. The
r= T + 13 @) components are enclosed by a vacuum system accommodat-

) ) ~ing numerous feedthroughs for electrical connections and
We multiply by r’ and integrate along the axial direction peam diagnostics. A rotating wheel containing a number of
until the radius reaches a minimumrdt=0. Noting thatr,  apertures is located between the source and electrostatic sec-
= 6 (convergence angleand that¢ and the initial radius are  tjon and was used to select the beam current without needing
related by the focal length, an expression that contains the g open the vacuum enclosure. A schematic of the apparatus

focal spot size is is shown in Fig. 1.
g2 g2 L Following the aperture is a 1.6 m lattice of ten electro-
2—(—2— r_2> =2Q In(r—> (8)  static quadrupoles with independently controlled voltages,
(R f

and slit scanner diagnostics after the fifth and tenth quadru-
In the limitsr;>r; and?/r?>Q, an approximate for- poles. This lattice served to match the apertured beam size
mula is obtained for an emittance dominated focus, and convergence angle into the drift preceding the final focus
magnet lattice. The magnetic focusing section is 8.2 m long
g (9) (including initial and final drifty and includes diagnostics
0 after the third and sixth magnets. Additionally, there is a
This relation illustrates the importance of the emittance inslit-cup probe located 0.8 m beyond the last magnet to mea-
determining the spot size and therefore the specific energ§ure the properties of the focal spot. The magnets are iron-
deposited on the target. For a convergence angle that minit€€, pulsed quadrupoles, and consist of two layers of copper
mizes the effects of geometric aberratiors<(20 mrad)!®  windings in an azimuthal distribution that best approximates
the emittance available from the accelerator is balanced@ €0s(?) surface current. The windings were epoxied into
against the desired focal spot parameters of the target. THEOVes cut into cylindrical Lexan shells; a schematic is
opposite limit is that of a space charge dominated focusShown in Fig. 2. Each of the magnet inner diameters was
which would result from the higher current, lower kinetic lined with a grounded metal foil to simulate the beam pipe in
energy conditions discussed in Sec. I. Addressing the issue §f€ design focusing system. Because each magnet has a rise-
handling these higher perveance beams through designs tHéhe characteristic of its inductance, the triggers were appro-
employ partial or full neutralization is an area of active Priately delayed to synchronize the current waveform flattop
researchi:>1*The goal of these efforts is to return the focal With the arrival of the beam.
spot to the regime in which the radius is determined only by
the emittance and convergence angle at the final focus.
Therefore, Eq(9) often serves as a parametric constraint for
optimizing driver design8.

&
=

Detail, showing
conductors

Cross section of

3 inner and outer
Ill. DESCRIPTION OF THE EXPERIMENT 4 magnet coll forms %

The main components of the Scaled Final Focus Experi- ‘
ment are an ion source and its high voltage pulser, an elec-
trostatic section for the selection of the scaled current and 3
preparation of the beam, and a magnetic section that closely
follows the full-scale design. The single deviation from the
HIBALL-II layout is the length of the drift section between
the third and fourth magnets; it has been shortened to allowg. 2. inner and outer coil forms used to position the magnetic quadrupole
for a more compact experimental apparatus. The monoenetindings.
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D4 Y-Y FIG. 4. Example of a cutoff used in an emittance calculation from experi-
3 mental data.
K
E2 is therefore useful to be able to exclude from the calculation
: a known fraction of the data whose amplitude lies below a
1t given threshold. Without background noise, a plot of calcu-
lated emittance vs percent signal included would produce a

?0 % T & smoot_h function_ to 1_00%. A plot _of actual data on the.same

) : axes is shown in Fig. 4, indicating the sharp break in the

FIG. 3. Y=Y’ projections of phase space measured atie and D4 slope of the data due to the, presence O_f the noise. The emit,'

locations. tance measurements considered in this paper and used in
beam dynamics calculations are based on a cut made in the
manner of Fig. 4, with the signal included in the calculation

Each diagnostic location consists of at least one pair ofypically 95% of the total collected during the scan.
automated slit scanner probes. The downstream paddle in
each pair has a shal_lo(Nvl_cm deechoII_e_ctor cup mounted V. BALLISTIC FOCUS AND CHROMATIC EFFECTS
to the back of the slit. An isolated, positively biased mesh is
located between the slit and the negatively biased collector, The ballistic focus that is described in the HIBALL-II
serving to amplify the incident ion signal with current from report brings the 1.25 kA beam of 10 GeV'Bions to a spot
the secondary electrons. The slit cup paddle by itself meawith a 9 mrad convergence angle. By reproducing the trajec-
sures the transverse current density profile of the beam. Paeries of the ions in this focusing system, the experiment
allel slits are used to measure the phase space density apteserves this convergence angle and attempts to achieve a
emittance of the beam. Examples of this type of measurefocal spot with transverse dimensions one-tenth that of the
ment made at D1 and D4 are shown in Fig. 3, where thalesign. Given the beam parameters at the end of the final
phase space distribution of the beam is described by a set &dcus subsystem, an analytic prediction of the minimum ra-
intensity contours. Slits oriented perpendicular to each othedius or focal spot size of the beam can be made as described
can be used to map out the current density inXhér plane.  in Sec. Il. For the HIBALL-II design, one arrives at 5.8 mm
The focal spot probe uses two orthogonal slit cup assemblie®r a twice rms spot radius, and therefore a goal of 0.58 mm
mounted on a platform that translates along all three axesor the scaled experimerit.
such that beam spot profiles can be measured at various axial The nature of the transverse beam distribution at the fo-
locations. Each of these measurements is automated awdl spot is determined by the self-forces that oppose the in-
computer controlled, including triggering the source diodeward momentum imparted to the ions by the net effect of the
pulse, moving the probes, and extracting and storing th@uadrupole magnets. Because the emittance term in the en-
measured waveforms from a digitizing oscilloscope. velope equation is approximately six times stronger than the

There are two Faraday cups for measurement of the totalpace charge term at the focus, the beam’s transverse thermal
beam current and transmission through the final focus latticanomentum spread will result in a radial density profile that
one could be inserted in place of the seventh and eightis Gaussian in shag@Assuming a two-dimensional Gauss-
electrostatic quadrupoles, and the other into the drift after théan distribution witho=0.29 mm for the scaled HIBALL-II
last magnet. Co-located with this second Faraday cup is #ocal spot, a fraction-vs-radius curve can be generated by
capacitive drift tube diagnostic that was used to measure theumerically integrating this distribution at a series of radii.
total charge of the incident beam, and through comparison ofhis representation of beam current fraction vs spot radius is
several measurements, the fractional neutralization. plotted with a solid line in Fig. 5.

When the slits were in a position during the scan where  The focal spot measurements consist of transverse slit
there is no beam signal present, a certain level of noise wascans that project the beam current density distribution onto
collected by the diagnostic. If this phase space location igither of the transverse axes as shown in Fig. 6. Therefore, it
particularly far from the centroid of the data, the noise couldis not possible to plot an unambiguous representation of the
weigh heavily into the calculation of the second moments. Iffraction of the experimental current that falls within a given
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Lo out the magnetic section, tended to consistently degrade the
5 T ] measurements of the horizontal focus.
< 80 - - Assuming that the current density at the spot has a two-
g i ] dimensional Gaussian form with the fit valuesmofs inde-
s 60 I . . pendent widths in thex and y transverse dimensions, the
a f === USING Oxy fit ] integration described above to generate the scaled
G40 = T UuSINg Oxy = Xrms,Yrms HIBALL-II result is performed on this representation and the
5 I = UsINg Oxy = GHiBALLI ] results plotted as the dotted curve in Fig. 5. Additionally, the
g 20r ] second moment of the raw data can be used to calculate a
o ¥ ] rms radius for the measurements as indicated in Fig. 6. These
0.2 0.4 0.6 0.8 1 1.2 radii can then serve as the and y widths of a two-
spot radius (mm) dimensional Gaussian distribution large enough to enclose
FIG. 5. Percent of beam current at the focus as a function of radius assurﬁl-lrtua"y all of the C_iata_' The res,UIt of this calculation erlds
ing a two-dimensional Gaussian distribution. the dashed curve in Fig. 5. While the dotted curve resulting

from Gaussian fits to the measured spot represents an ideal-

ized or “best case” scenario for the experiment, the dashed
radius. However, a Gaussian radial density profile projecte&?rt\;]e rzprte%er:.ts th(\aNIower 2o”ntd or dr.naX|m.um :ad|a| extent
onto one axis by the slit scan results in a measured profil8 € distnbution. Were a full two-timensional measure-

ment of the current density at the focal spot possible, the

that is also Gaussian with the sameThe slit scan data at I d d lie b h This i
the focus are fit with a Gaussian curve in order to extract thi?_Ctua ata would lie between the two curves. IS 1S pre-

value of o, shown in the figure. Asymmetries were present inusely where the HIBALL-Il scaled design goal is found.

both transverse planes; however, the horizontal asymmetr -Il—to ,?tUdy Itdhi efcfiect' Ofb(l:hiomﬁt.'c ?E[)he rrgtlon on the ab?;’ﬁ
appears to be more severe in the figure. In the fifth magnegzsu » It would be desirable 10 adjust the beam energy at the

the beam underwent its largest envelope excursion in th& " percent level holding all other parameters f|xed:‘ T_he"
experimental beam would then represent a transverse “slice

horizontal plane, allowing this plane to sample the most non- ) : . )
linear portion of the quadrupole field. This effect, Coupledof a driver beam with each patrticle having the same value of

with the small beam centroid asymmetries present throughgnergy.dewatmn. However, Child's Laivgoverning extrac- .
tion of ions from the source states that the beam current will

increase a¥32,.. Also, one would want to vary the energy
only in the magnetic section to prevent the effects of an
energy shift in the electrostatic section from confusing the
results. To avoid these issues, an energy shift was studied
Xms = 0.374 ] with the experiment by detuning the focusing gradients in a
uniform manner. That is, the strengths of the pole tip fields in
each of the six magnets were changed by the same fraction to
simulate the deviation in beam energy.

In the experiment, measurements were made using the
95 wA beam with the magnetic quadrupole strengths detuned
by £0.5%, and*+1.0%, corresponding to energy shifts of
+1%, and £2%. Because the target location in a fusion
chamber would be fixed in space, the beam horizontal and

1l vertical profiles were measured at the same axial location as
00 1 2 3millimeters in the nominal energy case. Figure 7 shows the fractional
— - increase in the area of the focal spot for each of the cases.
sigma = 0.251 The light gray bars are the experimental measurements com-
1 paring the product of the widths of both planes to the product
Xrms = 0.284 SAD h
for the nonshifted “on-momentum” case.

Actually, the beam self-forces are also affected by a shift
in energy. For this experiment, however, both the emittance
and the perveance terms are small compared to the external
focusing force term when the beam is in the magnets. This
assumption was verified by modeling the chromatic effect in
an envelope code that allows for both a uniform adjustment
to the magnet strength as was done in the experiment and a
o , real energy shift. The dark gray bars in Fig. 7 represent the
Slis'?nnao,(m\,) calculated spot that results when each of the magnet

8 8 8 8 strengths is shifted, and the medium gray bars are for the
focus of a beam with the corresponding energy deviations.
FIG. 6. Single slit profiles of the 9&A ballistic focus. The agreement between the two models implies that the ef-
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8 mCode (focusing shift)
mCode (energy shift) 10 I
25 OExperiment @
b a
@ 80— o B -
() )
= 2 & o
2 <. 60 * ¢
= 2
© 1.5 § 2 40 ° . .
= £ + HIBALL-I
g 1. | 20 B Experiment
g 0
- 0.5 B 2.0 -1.00 00  1.00 2.00
Energy Deviation (%)
0 - ; ; . -
+2% +1% -1% -2% FIG. 8. The fraction of the current within a 0.4 mm radius is normalized to
g the on-momentum measurement and plotted as “Efficiency” for comparison
Energy Shift

to the HIBALL-II report.

FIG. 7. Fractional increase in focal spot area for each of the energy
hift trials.
Shitt s V. NEUTRALIZED FOCUS

Using the envelope modeling code described in the pre-
vious section, it is found that by doubling the current limiting
) aperture radius, the resulting400 uA beam is just con-
fect qf the energy shift on the forces qther than the externaly o by the apertures and strengths of the focusing ele-
focusing forcells a small one for the given system.. . ments with a small margif~3 mm) to avoid scraping. Us-
From the figure, we see that thel% energy shifts in-  jng the emittance of this beam and holding the convergence
creased the spot size by approximately 20%, and-t286  gngle to the focal point fixed at 9 mrad, the focal spot radius
by 50%—70%. The data is in fairly good agreement with thejs plotted as a function of beam current at the focus in Fig. 9.
calculations of the code, except for the2% case. For this The gray curve represents the values of spot radius where the
case, the simulated beam passes through the horizontal focggace charge and emittance forces are equal. Without neu-
several centimeters upstream of the measurement plane, atrelization, the space charge force at the focal spot is five
the calculated horizontal envelope is diverging rapidly at theimes larger than the emittance force, resulting in a 2.6 mm
point of measurement. Because this horizontal envelopeadius spot. Assuming a uniform density beam at the exit of
minimum occurs in the code at a single pointzjrthe enve- the last magnet, the unneutralized spot will have a nearly
lope equation predicts a large divergence in that plane dowrtniform radial density profile. Following the black curve,
stream of the focus resulting in a large horizontal footprint ataddition of electrons to neutralize the space charge by 75%
the measurement location. Distortions in the phase space #fill shrink the spot radius to 1.25 mm and shift the focus
the experimental beam like those seen in Fig. 3, howeve@Cross the gray curve into the emittance dominated regime.
tend to spread out the focal waistnresulting in a smaller Thus, both the size and shape of the focal spot should change
effective divergence angle of the envelope from the focameasurably.

point. This detail may have a role in the discrepancy. Experimentally, neutralization of the higher current
The results of a similar study of chromatic shifts arebeam was accomplished with electrons emitted from a 75

discussed in the HIBALL-II report. Here, the ion optics code M diam hot(~2100°Q tungsten filament located after the

. N )
used for the design of the final focus system tracked a monc;—aSt magnetic quadrupole, witi1% of the beam intercepted

chromatic beam through the lattice at a series of enefgies.

The results are plotted as a fraction of the current that strikes 0.5

within the desired radiug4 mm) compared to the on-

momentum case. To plot the experimental results on the 0.4

same axes, a Gaussian distribution is constructed based on < 03

the second moments of the focal spot data in each planeasis E ™

done for the dotted curve of Fig. (@, fit). For each of the € 02| emitance charge
momentum variations, the distribution based on the measure- § dominated dominated

ments is integrated out to the equivalent scaled rafiué 0.1

mm). To obtain an “efficiency” value, the result was normal-

ized to the integral of the on-momentum data to the same 05 10 15 20 25 30

radius. These calculations, along with the data from the : radius (mm)

HIBALL-II report are presented in Fig. 8. The experimental o _ .

results, analyzed with the assumption of a two-dimensiondf!G- 9 Spot_ radlus'|s plotted as a fu_nct!on _of beam current leaving other
. L |parameters fixed, with the two points indicating the experimental values of

Gaussian at the focus, appear to be less sensitive to the ch

: He current. The light gray curve separates the emittance and space charge
matic effects. dominated regimes.
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by the filament. Viewed in the beam frame, electrons born at 150
the filament in the presence of the beam are trapped within

the space charge potentiab of the beam only ife¢ sigma = 0.530
> IMev feam S Treating the beam in the drift to the focus as a

uniform cylinder of charge, the potential across the beam is 100} Horizontal
approximately ¢~301/8. For the experiment, the beam ~ _ Scans
space charge potential is approximately 7.5 V, whilg,, =3 = filament on

the smallest potential that will still trap electrons, is 0.7 V. ® 2 filament off

The maximum expected fractional neutralization is therefore 3 5ol

~90%. To eliminate the influence of the electrical potential Z

across the filament, the heating power supply was switched
via a solid state relay such that the potential on the filament
was zero 50Qus prior to the arrival of the beam 0

The first of two measurements to determine the frac- -4 2 0 2 4 6 8

tional neutralization was made with the drift tube diagnostic s (ers
mentioned in Sec. Il. As the beam approached the tube, a & ' ~
negative image charge resulted in current flow from the tube. sigma = 0.561

This signal was measured and integrated to yield a waveform

proportional to the charge present in the drift tube as a func- = filament on

tion of time. This waveform was observed to have the same O filament off

characteristic shape as the beam current waveform that was
recorded as the ions strike the collector of the Faraday cup.
Therefore, the current measurement made at the Faraday cup
at the same axial location as the drift tube was used as a
reference for the integrated tube waveforms. The tube signal
was acquired and scaled to match the Faraday cup signal,
and comparison with an un-neutralized tridilament re-
moved yields a neutralization fraction of 64%. slit signal (mV)

The measurements of the focal spot presented in Fig. 10 o =) o S
are slit scan profiles of the type discussed in the previous o it z 2 id
section, with each of the four measureme(fisrizontal and
vertical scans, neutralized, and un-neutralized beemmje FIG. 10. Single slit profjles of the 40[i_lA focal s_pot. The hollow bars

. . . resent the un-neutralized focus, while the solid gray bars represent the

at the same axial location. These scans were made using a i@un of using the filament to neutralize the focus.
um slit with a 100um step size for the neutralized focus and
a 250 um step size for the case without neutralization. To
emphasize the shift in the size and current density distribu-

tion of the focus, the neutralized profiles are fit with Gauss-s'mUIated using the particle in cell code LSP. This code was

ian curves. The values of shown on each plot represent the written to study the interaction of a heavy ion beam with the

value from the fit to the data in the case of the neutralizedVid€ range of gas a2r10d plasma densities that could occur in
beam spot. The Gaussian nature of the neutralized density 8¢ t@rget chambe?: For the purposes of modeling the
clear; the vertical fit is extremely good, but the horizontal fitntroduction of electrons into the experiment, the code was
is affected by the asymmetry in the profile. From these plots

run in a 2D, axisymmetric, electrostatic mode, with the elec-
the transition shown graphically in Fig. 9 from space charge,frons provided by space charge limited emission from a 12
dominated to emittance dominated focus is made clear.

mm radius disk at the beam entrance plane. In order to model
To independently infer the fractional neutralization from

these measurements, a comparison was made between the
data and the envelope modeling code. The beam radii, con-
vergence angles, and emittance measured at the exit of the

millimeters
0

Vertical
Scans

D5 measurement

last magnet were input as initial conditions, and the experi- o1 D4 diagnostic 75 uA
ment was modeled using the full current to represent the ’ \
results measured without neutralization. The beam current 0
was then reduced until the resulting spot agrees with the e e
neutralized measurements. The two cases are illustrated in  _gq[™ ‘
Fig. 11. The fractional neutralization is then the ratio of the - Kgﬁfg;}gﬁ‘éﬁgf&pe 390 BA
difference in current to the full current, 80% in this case. .02 scales in meters

To examine the conclusion that the changes in the mea-
sured characteristics of the focal spot are due to the acquisi- 0.2 0.4 0.6

t?on of cold (“0-2_ e\V) electrons frqm the filament, the por- g, 11. calculated beam envelopes between the last quadrupole magnet
tion of the experiment from the filament to the focus wasand the focus for both the neutralized and un-neutralized cases.
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FIG. 12. The neutralized beam from the LSP run is plotted as it would be. —
; ; ; >10
seen in a single slit scan. These data are compared to the measured spot.

Results from a scaled final focus experiment . . . 1719

rounded by a conducting boundary at 3 cm, a factor of 5
larger than the maximum beam radius. An axisymmetric cur-
rent density profile with radial variation based on a current
density measurement at the exit of the last magnet was used
at z=0. At the entrance plane, the ions were given the trans-
verse velocity proportional to their radial position necessary
to focus them at the axial location of the experimental mea-
surements. Superposed on this is a thermal velocity contri-
bution equivalent to a temperature of 0.18 eV, orn9
mm mrad, corresponding to the measured emittance.

The results of the simulatidhare presented in Fig. 12.
To more accurately compare the output of the simulation
with the experimental results, the charge density profile is
projected onto one transverse dimension to emulate the diag-
nostic slit cup data. These projections are plotted on the same
axes as the experimental data for the various measurements
described in Sec. IV. The amplitudes of the curves in each
plot are normalized such that their areas are equal, and the
centroids of the experimental data are shifted to enhance the
comparison. The extraordinary agreement between the
curves suggests that the basic assumptions used to model the
electron source were sound. The result also implies that the
exact details of the initial beam distribution in both position
and momentum space did not affect the ability of the elec-
trons to produce a partially neutralized focus with an ion
distribution on the target determined almost entirely by the
beam emittance.

VI. CONCLUSION

The Scaled Final Focus Experiment at Lawrence Berke-
ley National Laboratory represents the first properly scaled
study of the dynamics of the final focus of a heavy ion fusion
driver. A beam of C$ ions with perveance and convergence
angles identical to those of the driver beam in the
HIBALL-II report was brought to a focus in a system with a
one-tenth dimensional scale of the design. Through measure-
ments of the focal spot, it was determined that at least 80%
of the beam particles fell within a 0.5 mm radius, meeting
the scaled HIBALL-II requirement. Additionally, a source of
electrons was introduced into a higher perveance beam to
explore experimentally the properties of a neutralized focus.
The measured focal spot was compared to beam envelope
calculations that use reduced values of current to determine
that the electrons neutralized 80% of the space charge at the
focus. These measurements were also compared with a par-
ticle in cell simulation that included a mechanism for intro-
duction of electrons. The resulting agreement benchmarks
the theoretical approach and suggests that this type of neu-
tralization may prove to be a satisfactory method for increas-
ing the focal spot intensity of high perveandee., Q
4) fusion driver beams.
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